Abstract
Previous studies have demonstrated the key role of baroclinicity and thus the isentropic slope in determining the climatological-mean distribution of the tropospheric eddy fluxes of heat. Here the authors examine the role of variability in the isentropic slope in driving variations in the tropospheric eddy fluxes of heat about their long-term mean during Northern Hemisphere winter.
On month-to-month timescales, the lower tropospheric isentropic slope and eddy fluxes of heat are not significantly correlated when all eddies are included in the analysis. But the isentropic slope and heat fluxes are closely linked when the data are filtered to isolate the fluxes due to synoptic (<10 days) and low frequency (>10 days) timescale waves. Anomalously steep isentropic slopes are characterized by anomalously poleward heat fluxes by synoptic eddies but anomalously equatorward heat fluxes by low-frequency eddies. Lag regressions based on daily data reveal that: 1) variations in the isentropic slope precede by several days variations in the heat fluxes by synoptic eddies; and 2) variations in the heat fluxes due to both synoptic and low-frequency eddies precede by several days similarly signed variations in the momentum flux at the tropopause level.
The results suggest that seemingly modest changes in the tropospheric isentropic slope drive robust changes in the synoptic eddy heat fluxes and thus in the generation of baroclinic wave activity in the lower troposphere. The linkages have implications for understanding the extratropical tropospheric eddy response to a range of processes, including anthropogenic climate change, stratospheric variability, and extratropical seasurface temperature anomalies.
Context
Feedbacks between the mean-flow and the wave fluxes of heat and momentum play a fundamental role in the general circulation of the extratropical troposphere (e.g., Holton 2004 Ch. 10; Vallis 2006 Ch. 12) . For example, wave activity is predominantly generated near the surface in regions of large isentropic slopes (Figure 1a; e.g., Stone 1978) . Much of the wave activity generated in the lower troposphere propagates vertically and is thus associated with poleward fluxes of heat in the free troposphere. If the wave activity dissipates in the upper troposphere at roughly the same latitude range as the wave source (Figure 1b ), then the westward torque aloft drives a residual (mass) circulation with rising motion equatorward of the wave source and sinking motion poleward of the wave source. The anomalous vertical motion acts to reduce the lower tropospheric isentropic slope that generated the wave activity in the first place. As such, the residual circulation induced by the wave breaking aloft acts as a negative feedback that attenuates lower tropospheric baroclinicity.
A somewhat different relationship holds between the lower tropospheric isentropic slope and the wave fluxes of momentum. For example, assume that a component of the upper tropospheric wave activity in Figure 1b propagates equatorward near the tropopause. The equatorward wave propagation is associated with poleward momentum fluxes that converge at the source latitude ( Figure 1c ). Viewed in isolation, the momentum fluxes induce a residual circulation that acts to reinforce rather than damp the lower tropospheric isentropic slope in the wave source region (Figure 1c) .
Hence, the residual circulation induced by the momentum flux convergence aloft acts as a positive feedback that increases lower tropospheric baroclinicity. 3 In the climatological-mean, the wave driving due to the vertical convergence of the wave flux (i.e., the vertical convergence of the heat flux) is larger than that due to the meridional divergence of the wave flux (i.e., the meridional convergence of the momentum flux) (e.g., Edmon et al. 1980) . Hence, the total wave driving is westward at the tropopause level, but the momentum fluxes spread the wave driving over a wider range of latitudes than the wave source (Figure 1d ). Since the momentum fluxes spread the wave driving meridionally, it follows that they also reduce the amplitude of the compensating poleward mass flux at the latitude of the wave source. As a result, the wave-driven residual circulation attenuates the lower tropospheric isentropic slope, but not as much as it would if all the wave-breaking was concentrated at the latitude of the wave source (see also Robinson 2000 Robinson , 2006 .
The relationships between the isentropic slope, tropospheric wave generation and tropospheric wave dissipation reviewed schematically in Figure 1 are known to play a key role in determining the climatological-mean extratropical circulation. The largest eddy fluxes of heat are roughly collocated with the regions of largest lower tropospheric baroclinicity (Kushner and Held 1998) ; the largest momentum fluxes are closely collocated with the extratropical stormtracks (e.g., Lau et al. 1978; Lim and Wallace 1991) . However, the role of the isentropic slope in driving variability in the extratropical wave fluxes of heat and momentum remains unclear. The amplitude of such a feedback is important, since the sensitivity of the eddies to variations in the isentropic slope is theorized to play a potentially key role in driving: 1) the internal feedbacks that give rise to the annular modes (e.g., Robinson 2000 Robinson , 2006 Lorenz and Hartmann 2001, 2003) ; Kushnir et al. 2002 and references therein; Brawshaw et al. 2008) ; 3) the extratropical tropospheric response to stratospheric variability (e.g., Song and Robinson 2004) ; and 4) the storm track response to increasing greenhouse gases (e.g., Kushner et al. 2001; Yin 2005; Frierson 2006; Lu et al. 2008 Lu et al. , 2010 Chen et al. 2010; O'Gorman 2010; Scaife et al. 2011; Butler et al. 2011 ).
The primary purpose of this study is to quantify the observed relationships between variability in the isentropic slope and the eddy fluxes of heat and momentum in the Northern Hemisphere tropospheric circulation. The results imply that lowfrequency timescale eddies primarily force anomalies in the baroclinicity, whereas synoptic timescale eddies primarily respond to anomalies in the baroclinicity. The dataset is discussed in Section 2; results are presented in Section 3; implications of the results for climate variability are discussed in Section 4.
Data and analysis
The primary dataset is 4x daily values of the ERA-Interim reanalysis from January 1, 1989 to December 31, 2009 Dee et al. 2011) . The reanalyses products are available on a 1.5 degree x 1.5 degree mesh, and are daily and zonally averaged before computing regressions and correlations. The wave fluxes of heat due to synoptic and low-frequency timescale eddies were estimated by decomposing the fluxes as follows:
where the synoptic timescale (denoted by subscript s) is defined as less than 10 days and the low-frequency timescale (denoted by subscript l) is defined as longer than 10 days.
The time filtering was done using an 8th order Butterworth filter with a cut-off frequency of 10 days. A similar procedure was applied to the eddy fluxes of momentum.
Note that the synoptic eddies exhibit variability on timescales longer than 10 days, even though the wind and temperature time series have both been 10-day high pass filtered. As noted in Lorenz and Hartmann (2001) , the redness of the synoptic-eddy fluxes is consistent with a positive feedback between the synoptic-eddy fluxes and the mean flow. The cross terms are generally small and are not considered here.
We exploit the ERA-Interim reanalyses products in both isentropic and pressure coordinates. To orient the reader to our use of both coordinate systems, Figure 2 shows the DJF, zonal-mean Northern Hemisphere circulation as a function of latitude/ pressure (left) and latitude/potential temperature (right). In both panels, the height of the tropopause (bold line) is approximated as the level where potential vorticity is equal to 2 potential vorticity units. Key surfaces used in the results section include: 1) The 285 K isentrope, which extends from the surface in the subtropics near 35 degrees, spans the lower troposphere at mid-high latitudes, and reaches the 500 hPa level at polar latitudes; 2) The 700 hPa level, which lies near the top of the atmospheric boundary layer; and 3) The 300 hPa level, which lies in the upper troposphere/lower stratosphere region.
Variability in the strength of the extratropical stratospheric vortex is defined as the leading principal component time series of the zonal-mean 10 hPa geopotential height field. The index is generated according to Baldwin and Thompson (2009) The month-to-month "synoptic eddy diffusivity" can be estimated by regressing:
a) the (anomalous) zonal-mean synoptic eddy heat flux at 700 hPa ([v
the (anomalous) meridional temperature gradient at 700 hPa ( ∂ ∂y T 700hPa ). That is:
where the regression coefficient (D) provides an estimate of the synoptic eddy diffusivity on month-to-month timescales. The resulting values of D (Figure 3b ) suggest that the diffusivity of the synoptic eddies on month-to-month timescales is roughly +1 x 10 6 m 2 / s, i.e., the poleward eddy fluxes of heat are decreased by roughly 1 K m/s for every 1 K/ 1000 km decrease in the amplitude of the equator-pole temperature gradient. The diffusivity estimates in Figure 3b are the same order of magnitude (but half as large) as those calculated in Kushner and Held (1998) , where the diffusivity is estimated from the climatological-mean variance of the eddy streamfunction (see the full rhs of their Equation 2). a linkage has been demonstrated in the context of the long-term mean circulation (e.g., Kushner and Held 1998) and is presumed to underlie the dynamics of the annular modes (e.g., Robinson 1991 Robinson , 2000 . But as far as we know, such a linkage has not been demonstrated conclusively in the context of day-to-day and month-to-month variability in the isentropic slope. We were unable to find similarly robust evidence of a direct causal linkage between variations in the mean flow and the eddy fluxes of momentum. 3) Finally, wave-driven changes in the stratospheric circulation (e.g., sudden stratospheric warmings) are expected to drive variability in the tropospheric isentropic slope due to the downward penetrating mass circulation (e.g., Haynes et al. 1991 Lag correlations between two time series may exhibit out-of-phase correlations at different lags due simply to the (quasi-random) periodicity inherent in the time series.
The robustness of the feedbacks between the temperature field and the eddy fluxes of heat to (quasi-random) periodicity in the eddy forcing evident in the unfiltered data ( Figure 6 top) is examined below.
The solid line in Figure A1 is derived from the top panel of Figure 6 , and shows normalized values of 1) 700 hPa temperatures averaged over the polar cap regressed onto 2) the convergence of the eddy fluxes of heat averaged over the polar cap. The amplitudes of the negative regression coefficients at negative lags are roughly the same as the amplitudes of the positive regression coefficients at positive lags.
Are the negative temperature anomalies before lag zero due to the periodicity inherent in the eddy forcing? This is unlikely given the robustness of the precursor in results filtered for synoptic eddies (e.g., Figures 4b and 6b ). But to test this possibility explicitly, we estimated the variability in polar temperatures at 700 hPa due solely to forcing by the observed anomalous convergence of the eddy heat flux. This was done using a linearized form of the thermodynamic energy equation:
where T Model is the (simulated) anomalous 700 hPa temperature, The dashed line in Figure A1 shows normalized values of 1) simulated polar cap temperatures ( T Model in Equ. A1) regressed onto 2) the observed convergence of the eddy fluxes of heat averaged over the polar cap (i.e., the same time series used to drive Equ.
A1 and as a basis for the regressions given by the solid line in Figure A1 ). By construction, the simulated temperatures exhibit positive regression coefficients at lags when the temperature field is lagging the eddy forcing. If the eddy forcing exhibited sufficient periodicity to drive spurious negative correlations at negative lags, such negative correlations should appear in association with both the observed and simulated temperature time series. The absence of negative correlations (let alone a negative peak in the correlations) before lag zero indicates that the periodicity inherent in the observed eddy forcing time series is not sufficient to yield large spurious negative correlations at negative lags.
The above results were repeated using as a basis of the regression the eddy heat fluxes averaged over 50-90°N (as used in Figure 6 ). The results are qualitatively unchanged. The above test was also repeated for a range of different latitude bands and levels. Overall, we found that the ratio between the regression coefficients at positive and negative lags (which is roughly -1 one for the observations in Figure A1 ) is always at least three times larger for the observed temperatures than it is for temperatures Figure 4 but contours denote the eddy fluxes of momentum at 300 hPa (contours at 2.25 m2/s2). Regressions on -NAM Figure 9 . Regressions on inverted and standardized values of the NAM index at 10 hPa. The zonal-mean zonal wind (top); pressure on isentropic surfaces (middle); the isentropic slope (bottom). Results are based on zonal-mean, daily-mean anomaly data for DJF. Results are averaged over lags -10 days (preceding the NAM10 index) to +10 days (following the NAM10 index). The solid line indicates the 2 PV units isoline and thus approximates the height of the dynamical tropopause. 
